Objective: To estimate the net caloric impact from replacing sugar-sweetened beverages (SSBs) with alternatives in children and adolescents in naturalistic settings.
Substituting SSBs with water was associated with a significant decrease in TEI, controlling for intake of other beverages, total beverage and nonbeverages, and fast-food and weekend effects. Each 1% of beverage replacement was associated with 6.6-kcal lower TEI, a reduction not negated by compensatory increases in other food or beverages. We estimate that replacing all SSBs with water could result in an average reduction of 235 kcal/d.
Conclusion:
Replacing SSB intake with water is associated with reductions in total calories for all groups studied.
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S UGAR-SWEETENED BEVERAGE (SSB) intake is considered an important contributing factor to obesity in childhood. [1] [2] [3] [4] [5] Since the late 1970s, consumption of SSBs by children and adolescents has increased substantially. 6, 7 Data from national surveys indicate that energy intake from sweetened beverages increased 135% between 1977 and 2001. 6 During a similar period, rates of obesity more than doubled in children aged 2 to 11 years and tripled in adolescents 12 to 19 years of age. 1, 8 Recent data suggest that approximately 90% of US children and adolescents consume sweetened caloric beverages on any given day, and SSBs alone can contribute to more than 10% of total energy consumed. 9 Replacing these liquid calories with calorie-free beverage alternatives therefore represents a key strategy to eliminate excess calories and to prevent obesity in childhood.
A number of mechanisms have been proposed to explain the observed link between SSB consumption and higher total energy intake (TEI). Most commonly cited is the incomplete compensation for caloric intake in liquid forms, that is, individuals do not sufficiently reduce energy intake throughout the day in response to calories ingested from beverages. 10, 11 In a review study, Almiron-Roig et al 12 found that the impact of liquid vs solid calories on satiety (most studies conducted in adults) is inconclusive. They cited studies that found solids to be more satiating than liquids, 10, [13] [14] [15] [16] [17] as well as studies suggesting the opposite [18] [19] [20] [21] [22] [23] [24] [25] or no difference. 26, 27 In a recent meta-analysis on the effects of soft drink consumption, however, Vartanian et al 28 found clear and consistent evidence that individuals do not compensate for the added energy consumed from soft drinks. Furthermore, Stookey et al 29 found evidence that replacing sweetened caloric beverages with water was associated with sustained caloric deficit among women in a weight loss clinical trial over 12 months.
Experimental work examining the ability of children and adolescents to compensate for liquid calories is limited. 11 Early work on energy regulation found that children showed clearer evidence for caloric compensation than did adults, 30 although high interindividual variation in compensation in children has been observed. 31 Moreover, the effect of changing SSB consumption in freeliving children has not been extensively studied, although an environmental intervention did significantly reduce body mass index (BMI) (calculated as weight in kilograms divided by height in meters squared) among the most overweight adolescents (BMI Ն 25.6) enrolled. 32 Examining the impact on TEI among children and adolescents in their natural environment (not under experimental conditions) who drink more or less of certain beverages on different days can provide critical insight on the impact of targeting SSBs as a focus area to reduce excess calories.
This study aimed to estimate the extent to which caloric beverages link to higher daily energy intake in the pediatric population. Specifically, we describe the shorter-term (several days to a week) differences in TEI of the same individuals who reported different beverage consumptions on different days. We used regression models to control for characteristics of the day that have significant impact on children's energy intake: on weekends 33 and days when children eat at fast-food establishments. 34 Further, to inform policy and clinical recommendations, we estimated the impact of replacing SSBs with another caloric or noncaloric beverage, especially water. We further controlled for overall intake of grams of nonbeverages. We also stratified our analyses by age groups (2-5, 6-11, and 12-19 years).
METHODS

DATA
We obtained dietary recall data for children and adolescents (2-19 years of age) from the nationally representative National Health and Nutrition Examination Survey (NHANES) [2003] [2004] . NHANES is an ongoing series of nationwide surveys and clinical examinations conducted by the National Center for Health Statistics. The surveys use a multistage, clustered probability sampling strategy to select households and individuals to provide national estimates representative of the civilian, noninstitutionalized US population. Complete description of data collection procedures and analytic guidelines are on the National Center for Health Statistics Web site (http://www.cdc.gov/nchs/nhanes.htm).
The 24-hour dietary recall interview component of the NHANES provides estimates of total daily energy intake, nutrients, and nonnutrient dietary components as well as dietary behaviors regarding the type, quantity, and location of each food and beverage consumption occasion. Survey respondents reported all food and beverages consumed in a prior 24-hour period (midnight to midnight) at mobile examination centers during the interview. Proxy respondents were used for survey examinees younger than 6 years, and children aged 6 to 11 years underwent assisted interviews. In NHANES 2003-2004, a computer-assisted system was used to automate data collection. The 2003-2004 survey collected dietary data from the same respondent on 2 nonconsecutive days. The first day (day 1) was collected at the mobile examination center and the second day was collected by telephone 3 to 10 days later. Most mobile examination center participants (87%) in NHANES 2003-2004 had 2 days of complete and reliable intake reports.
On completion of interviews, all reported items were systemically coded using the US Department of Agriculture Food and Nutrient Database, which provides nutritional contents based on standardized recipes. Caloric content from each consumed food or beverage item was subsequently calculated based on the quantity of food and beverages reported by the respondents.
INCLUSION AND EXCLUSION CRITERIA
We included children and adolescents aged 2 to 19 years who completed 2 dietary interviews in NHANES [2003] [2004] . Sample size for the "other race" category was small; therefore, our trend analyses are only carried out for nonHispanic white, non-Hispanic black (hereafter referred to as "white" and "black"), and Mexican American youths. Three age categories were defined to generally reflect time spent between home and school environment: preschool, age 2 to 5 years; primary school, age 6 to 11 years; and high school or higher, age 12 to 19 years.
To maximize the comparability of dietary intake patterns between the days surveyed, we excluded subjects who reported yes to the "Are you on a special diet?" question (n=140) and subjects with zero energy intake on any of the surveyed days (n=3). Respondents with incomplete or unreliable dietary recall status and those being breastfed or pregnant at the time of the survey were excluded from our analysis. We also excluded subjects with estimated TEI in the top 1% or the bottom 1% within the age group. The cutoff values were 3581 (high) and 630 (low) kcal for ages 2 to 5 years (14 excluded), 4706 (high) and 644 (low) kcal for ages 6 to 11 years (16 excluded), and 5728 (high) and 617 (low) kcal for ages 12 to 19 years (36 excluded). The final data set contained 3098 subjects.
BEVERAGE CONSUMPTION
From 453 nonalcoholic beverage items reported by the NHANES 2003-2004 respondents, we identified 5 mutually exclusive beverage categories: SSBs (including soda, sport drinks, fruit drinks and punches, low-calorie drinks, sweetened tea, and other sweetened beverages), diet beverages, milk (including flavored milk), 100% fruit juice, and other drinks (including unsweetened tea, coffee, and other beverages) (details on coding beverages can be found in the appendix of our previously published article 9 ). Plain water consumption was estimated from the question "total plain water drank yesterday, including plain tap water, water from a drinking fountain, water from a water cooler, bottled water, and spring water." We defined a standard serving of any beverage as 8 oz (two-thirds of a regular soda can). We also quantified the total weight of beverages and water (in grams) as a proxy for total fluid intake, thirst, and/or physical activity (as physical activity measures are not available for the recalled days).
CONSUMPTION OF NONBEVERAGES
In addition to total beverage intake, we also controlled for total grams of nonbeverage intake in our assessment of beveragereplacement effect on TEI. Nonbeverage items include all food intakes except for the items falling into any of the 5 beverage categories or water. As a result, some liquid-form or semiliquidform caloric sources such as soup, milkshakes, and porridge are categorized as nonbeverages.
FAST-FOOD AND WEEKEND VS WEEKDAY INTAKE
Previous research has established a link between fast-food consumption and higher energy intake and lower diet quality. 35 Fastfood establishments are also an important source of children's SSB intake. 9 For our analysis, we created a variable to indicate whether the surveyed day was a "fast-food day," when the location for at least 1 consumption occasion occurred in a fastfood restaurant. Similarly, as children on average consume more calories on weekends than during the week, 33 we controlled for the weekend vs weekday variable to reduce confounding effects associated with days during which more beverage, food, and total energy is consumed.
ASSESSMENT OF WEIGHT STATUS AND INCOME
In both surveys, weight and height were measured using standard procedures in the mobile examination center. Overweight is defined as a BMI greater or equal to the age-and sexspecific 85th percentile on the Centers for Disease Control and Prevention growth charts. Income levels are based on parentreported or proxy-reported annual family income, which we dichotomized to "higher income" or "lower income" based on 130% of the poverty level, which defines eligibility for foodstamp programs.
STATISTICAL ANALYSIS: WITHIN-PERSON IMPACT ON ENERGY INTAKE
We fit multivariate fixed-effects regression models to estimate the impact of change in SSB consumption level on change in TEI (eAppendix, http://www.archpediatrics.com). The dependent variable of the model is the change in reported TEI throughout the surveyed day (day 2−day 1), and the main independent variable is the change in servings of SSB consumed. We controlled for changes in the consumption of other beverages. We also included other time-varying covariates that are correlated with daily energy intake in youth: intake day as a weekday vs a weekend, 9 fast-food intake (yes/no), 34 and total nonbeverage intake (in grams). Since there are only 2 points, the resulting fixed-effects model is identical to a difference model. 29 Because each individual acts as his or her own control, the fixed-effects model is a powerful strategy to control for time-invariant factors such as age, sex, and other individuallevel characteristics. 35, 36 In addition, we fit a second fixedeffects model that estimated the effect on net caloric consumption from replacing different caloric beverages with other alternatives, controlling for concurrent changes in other beverage intake (percentage of all beverages) and total beverage intake and total nonbeverage intake (both in grams). This approach is similar to the replacement models used by Stookey et al. 29 The resulting model estimates the average difference in TEI associated with replacing 1 unit of SSB (1% of beverages) with water. Using the coefficient estimates, we predicted the expected differences in TEI from hypothetically replacing all or half of SSBs consumed by NHANES subjects with water using the average share of SSBs of all beverages (percentage). Further details of both fixed-effects models are included in the eAppendix.
All statistical procedures were carried out in SAS software (Version 9.1; SAS Institute, Cary, North Carolina) (SURVEYMEANS and SURVEYREG procedures). All statistics are weighted to adjust for unequal probabilities of sampling. Variance estimates from the NHANES analyses are adjusted for the complex sample structure, including stratification and clustering, using the robust variance estimation method. 37 
RESULTS
The characteristics of the 3098 respondents who completed 24-hour dietary recall interviews on 2 nonconsecutive days in NHANES 2003-2004 are summarized in Table 1 . On average, youth aged 2 to 19 years reported 2118-kcal TEI over the 24-hour period. Mean energy intakes (on day 1) were significantly different by sex (P valueϽ.001) and age (P valueϽ .001) but were not significantly different by income (P value = .57), race/ ethnicity (P value=.89), or BMI (P value=.20). Average TEI increased with age and was higher in boys than girls. Survey respondents reported lower TEI on day 2, which was conducted over the telephone, likely reflecting underreporting bias. Of the 3098 NHANES subjects, 2874 (93%, or 91% after applying sampling weights) had at least 1 SSB on either or both recall days.
In addition, Table 1 summarizes the average intake in grams of total beverages and 3 caloric beverage categories (SSB, milk, and juice) on the 2 survey days. We found that while population mean consumption did not largely differ by sex, race, income, or BMI status, older age groups tended to consume more beverages, especially SSBs. Withinperson variability between the 2 intake days was substantial, suggesting that total beverage intake is not always tightly regulated from day to day (Pearson correlation coefficient between day 1 and day 2=0.49) and should be controlled for in examining the relationship between intake of a particular beverage and TEI.
BEVERAGE CONSUMPTION AND TEI: WITHIN-SUBJECT ANALYSES
Using number of servings consumed as independent variables, Table 2 presents the coefficient estimates for within-person changes in TEI as a function of changes in consumption of each of the 5 beverage categories. The ␤ coefficient estimate associated with each beverage category represents the net caloric impact of an additional serving consumed. The fully adjusted model controlled for the intake of other beverages, intake of nonbeverage items, and effects of weekend and fast-food intake. Each additional serving of SSB was associated with a net increase in intake of 106 kcal on that day (95% confidence interval [CI], 91 to 121 kcal; P Ͻ .001), similar to the 100 kcal found in an 8-oz serving of colas and lemon-lime sodas, suggesting little or no compensation. In other words, if 8 oz of SSB is consumed, the TEI is higher, and there is no evidence that other intake is reduced to compensate for the extra ( Abbreviation: SSBs, sugar sweetened beverages. a One serving = 8 fluid oz. Dependent variable in all models is change in total energy intake from day 1 to day 2. The ␤ coefficient estimate associated with each beverage category represents the net caloric impact of an additional serving consumed. The unadjusted model contains only within-person change in SSB servings. Partially adjusted model A controls for changes in all other beverage categories. Partially adjusted model B controls for intake of nonbeverages. The fully adjusted model controlled for the intake of other beverages, intake of nonbeverage items, and effects of weekends and fast-food intake. (30) 2021 (29) 1766 (71) 1542 (56) 583 (34) 469 (20) 329 (18) 326 (19) 126 (13) 1058 (32) 2076 (39) 2042 (40) 1833 (68) 1708 (70) 665 (27) 558 (28) 332 (23) 331 (23) 91 (11) 96 (13) SSB intake
Had SSB on both days 2151 (64) 2221 (36) 2126 (30) 1842 (60) 1643 (60) 792 (22) 706 (18) 287 (17) 276 (16) 91 (9) 75 (7) Had SSB on 1 but not both days 723 (26) 2002 (38) 1903 (45) 1532 (100) (34) 218 (30) 207 (39) Had no SSB on either day 224 (9) 1733 (81) 1629 (57) 1731 (96) 1537 (78) 366 (50) 155 (21) 414 (29) 437 (27) 138 (25) 145 (15) Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); NHANES, National Health and Nutrition Examination Survey; SSB, sugar-sweetened beverage.
a Income status is dichotomized using 130% poverty level, the eligibility for food-stamp programs. b Equal to or greater than the age-and sex-specific 85th percentile (as defined by the Centers for Disease Control and Prevention growth charts). Value missing in 57 respondents. In contrast, 8 oz of milk contains 120 kcal (2%) to 160 kcal (whole), and one serving of 100% juice (orange or apple) contains 110 to 120 kcal. There was no significant association between intakes of diet beverages and plain water on total energy (P value = .20 and .27, respectively). Additionally, we found a net difference of 149-cal/d (95% CI, 94 to 204 kcal/d; P Ͻ .001) higher energy intake on a fast-food day vs a non-fast-food day, similar to an earlier report.
34
REPLACING CALORIC BEVERAGES WITH ALTERNATIVES
To further investigate the potential effect on TEI of replacing one beverage for another, we fit fixed-effects models predicting within-person change in TEI associated with replacing 1% of each beverage with other options. We controlled for changes in other beverage consumption, changes in total grams of beverage and nonbeverage consumption, and weekend and fast-food effects. The method is similar to the replacement model noted in another study. 29 Results from 3 different models of replacement are summarized in Table 3 . The regression coefficients represent the difference in TEI when SSBs are replaced with other beverages (model 1), when juice is replaced with other beverages (model 2), and when water is replaced with other beverages (model 3). These coefficients are not directly comparable with the doseresponse models in Table 2 because results are expressed in terms of percentage change.
Each percentage unit of SSB replaced by drinking water (model 1) was associated with a 6.6-kcal (95% CI, 5.4 to 7.8 kcal; P Ͻ .001) lower energy intake. This estimate did not differ significantly by race/ethnicity, income, or BMI status in tests for interaction. Replacing SSBs with diet drinks did not show a statistically significant caloric benefit. There was no difference in TEI when replacing SSBs with 100% juice (0.5 kcal; P=.70) and a small but significant increase when SSBs were replaced with whole milk (3.1 kcal; 95% CI, 1.6 to 4.6 kcal; P =.001) and reduced-fat milk (2.8 kcal; 95% CI, 0.7 to 4.8 kcal; P =.02). Replacing juice with other alternatives (model 2) showed similar net caloric effects as SSBs.
Although the fixed-effects model controls for timeconstant variables, we also examined whether the associations varied by age by fitting age-stratified models. Average intake patterns varied greatly by age, as shown in Table 1 . Table 4 shows coefficient estimates for replacing SSBs with alternatives (model 1 in Table 3 ) for children aged 2 to 5, 6 to 11, and 12 to 19 years. The key finding was that replacing SSBs with water will result in a substantial reduction in TEI for all the age groups. There were some differences by age: among children aged 2 to 5 years, there was no evidence for change in TEI when replacing water with either whole or low-fat milk, whereas for children 6 years and older, it appears that replacing SSBs with milk will tend to increase TEI. Abbreviation: See Table 2 . a Total energy intake was measured in kilocalories per day; replacement beverages, in percentage of beverage in grams; total beverage and nonbeverage consumption, in grams.
b Statistically significant at P = .05 level. c Defined as plain or flavored milk made with 2%, 1%, or nonfat milk. d Includes unsweetened tea, coffee, alcohol, and other unsweetened beverages. 
PREDICTED IMPACT OF REPLACING SSBs WITH WATER, BY AGE
We further applied the results of the beverage replacement model to simulate potential policy and environmental initiatives to promote replacing SSBs with plain water.
In Table 5 , we predicted the potential net reduction in TEI among NHANES respondents based on (1) agespecific coefficients of replacing 1% of SSBs with water, as shown in Table 4 , and (2) 
COMMENT
In this study, we used fixed-effects regressions to estimate the within-person net caloric impact of changes in SSB intake on changes in TEI. Between the 2 recalled days, each additional 8-oz serving of SSB corresponds to 106-kcal/d higher TEI. This increase is similar to the caloric content of an 8-oz soda and suggests little or no compensation. Our results also indicate that replacing SSBs with water is associated with a significant decrease in TEI. Each 1% of such replacement is associated with 6.6-kcal lower daily calories consumed and this reduction was not negated by compensatory increase in other food or beverages. We estimate that replacing all SSBs with water would therefore result in an average net reduction of 235 kcal/d. Replacing SSBs with other caloric drinks such as milk, however, may have effects that vary with age. We see no significant change in TEI among young children but significant increases in calories among those 6 years and older, although there is a potential nutritional benefit for growing children when SSBs are replaced with nutrient-rich, reduced-fat milk. 38 We did not find statistically significant reduction in TEI when SSBs were replaced with diet drinks. This may in part be because of the small number of children and adolescents who consume diet drinks, resulting in greater variability, large standard errors, and insufficient power to detect a difference. Stookey and colleagues 29 also found no difference in TEI from replacing sweetened caloric beverages with noncaloric beverages over 2 months of intervention among overweight women in the weight loss trials. At 12 months, however, they reported a 30% smaller caloric reduction from replacing SSBs with noncaloric beverages than with plain water. 29 Nonnutritive sweeteners used in most diet drinks (eg, aspartame and sucralose) are considered safe for children by the Food and Drug Administration, and studies have not shown a paradoxical effect to increase appetite and food intake, 39 although there is limited long-term evaluation. However, given the possible perverse effect of diet beverages on health 40, 41 as well as the potential long-term effect of maintaining a highly sweet food environment through appetite, intake, and energy regulation mechanisms, pediatricians and parents may wish to remain prudent in using diet drinks as the main alternative to SSBs. 39 Our study has the following limitations: (1) The recall method is subject to inaccuracy and bias in enlisting all food ingested and quantifying portion size-a systematic underreporting of up to 25% has been documented in adults. 42, 43 The underreporting may be considerably greater among those who consume more than average. 44 It is uncertain whether underreporting of SSB intake is of lesser extent than other food and beverages; however, such bias can make the observed SSB-TEI association appear more significant. The extent of underreporting in children and adolescents is less studied and requires further research. Dietary recall conducted over the telephone tends to be less accurate. Our fixed-effects model (predicting the net change in TEI on day 2−day 1), however, addresses this issue and eliminates this bias from the ␤ estimates. (2) An individual's diet may vary greatly from one day to another. Although two 24-hour dietary recalls provide stronger basis for inferences than a single recall, our results may not reliably represent the long-term dietary intake pattern. (3) Although we used multivariate regression models to adjust for time-varying variables such as weekday vs weekend intake, fast food, and total beverage and non- (27) 315 (26) 518 (44) 808 ( beverage (in grams) consumption, our inferences on net caloric impact from beverage choices may remain constrained by residual confounding effect from other unavailable variables, such as physical activity.
More experimental work examining the impact of reducing SSB consumption in children and adolescents is warranted. To date, the 2 experimental studies that have examined interventions aimed at reducing SSB consumption have demonstrated promising results. 32, 45 In the randomized study of Ebbeling et al, 32 the intervention group received weekly home deliveries of noncaloric drinks for 25 weeks. No significant difference in the primary end point, change in BMI from baseline to follow-up, was detected between the intervention and control groups; however, baseline BMI was found to be an effect modifier. 32 These findings suggest that reducing SSB consumption may be an effective weight reduction strategy for overweight adolescents, but widespread recommendations to decrease SSB consumption are unlikely to lead to unnecessary or harmful weight loss in normal-weight or underweight teens. In our analysis, we did not find significant differences in the impact of replacing SSBs with plain water by BMI status.
In conclusion, reducing SSB intake can be an important strategy to eliminate excess caloric intake; however, the choice of replacement beverage is crucial. Water can be recommended as a clear replacement choice that is also low in cost if tap water is used.
